Mg 2+ is an essential ion for the cell but whether it can act as a bona fide second messenger has long been questioned. A recent study supports this hypothesis and shows a signalling role for Mg 2+ in GABAmediated neuronal maturation.
A handful of second messenger systems transduce the information carried by myriad extracellular stimuli to elicit specific intracellular responses. Since the pioneering discovery of signal transduction by cyclic adenosine monophosphate (cAMP) [1] , the first second messenger to be identified, several more small molecular and ionic species have been shown to fulfil similar roles -Ca 2+ ions, for example, as well as phospholipid derivatives (inositol triphosphate, diacylglycerol, arachidonic acid), reactive redox species (nitric oxide, hydrogen sulphide, hydrogen peroxide), and other nucleotide derivatives (cADPR, cGMP, NAADP). Understanding how the body's varied cell types encode and decipher diverse extracellular signals within the spatiotemporal dynamics of, and crosstalk between, this small set of second messengers represents one of the major challenges for modern cell biology. It is therefore critical that every member of the cell's second messenger toolbox is known.
Compared with its more illustrious group II metal colleague, Ca 2+ , signalling functions of Mg 2+ ions have received scant attention, although evidence for putative second messenger functions date back to the 1980s. For example, cytosolic Mg 2+ concentration ([Mg 2+ ] cyto ) increases rapidly (within minutes) following extracellular growth factor stimulation and these evoked [Mg 2+ ] cyto transients are necessary to support acute increases in global protein synthesis rates [2] (Figure 1 ). Moreover, several broadly expressed and ubiquitous Mg 2+ channels that facilitate [Mg 2+ ] cyto transients have been identified, as well as transporters that promote Mg 2+ removal over the plasma membrane (SLC41) or into organellar (mitochondrial) stores (MRS2) [2] (Figure 1 ). Furthermore, dynamic changes in cellular Mg 2+ have recently been revealed to regulate many cellular processes, such as enzyme secretion from acinar cells, glycolytic flux and T cell function [3] [4] [5] [6] [7] [8] . However, reasonable scepticism about Mg 2+ being a bona fide second messenger has centred around two key questions: what is the mechanistic basis for the selectivity of any putative Mg 2+ sensor/effector, and how is signal discrimination achieved when Mg 2+ is the second most abundant cation in the cell.
As it is the obligate counterion for all reactions that produce or consume nucleoside triphosphates (NTPs), Mg 2+ is essential to most cellular processes. Mg 2+ is required to stabilise adjacent NTP phosphate groups during enzyme binding, and also lowers the energetic barrier for phosphoryl transfer reactions. ATP is the most abundant NTP, with steady state cellular concentrations around 0.5-5 mM, whereas total cellular [Mg 2+ ] is 20-30 mM [2] . The dissociation constant (K d ) of Mg,ATP is $50 mM [9] , and the Michaelis constant (K M ) of most ATP-binding proteins for Mg,ATP lies in the low micromolar range [10] . Therefore, the prevailing assumption has been that Mg 2+ availability is not rate-limiting for ATP utilisation in healthy cells.
Recent development of more sensitive mass spectrometry and fluorescencebased techniques has led to this assumption being challenged, however, revealing that the majority of cellular Mg 2+ is stably associated with macromolecules (DNA, RNA) or sequestered within intracellular stores, such that the cytosolic concentration of free Mg 2+ typically lies around 0.8-1.2 mM, much lower than previously thought. Secondly, numerous biochemical and structural studies have revealed that the activity of many NTPdependent enzymes requires two Mg 2+ ions in their NTP-binding site for catalysis to occur. This confers second order kinetics upon enzyme activity with respect to [Mg 2+ ], meaning that small changes in free Mg 2+ can elicit large effects in reaction rates [11] . One such enzyme is the mammalian target of rapamycin (mTOR) kinase, an important sensor and regulator of cellular energy levels and expenditure [12] . mTOR has a fairly weak affinity for Mg,ATP (K M > 1 mM) compared with most kinases ( [13] . GABA is one of the major inhibitory neurotransmitters of the central nervous system. It exerts effects via ionotropic GABA A receptors to open chloride channels, as well as via metabotropic GABA B receptors to regulate cAMP signalling. In the adult brain, the electroneutral transporter activity of K-Cl cotransporter 2 (KCC2) is greater than the Na-K-Cl cotransporter 1 (NKCC1) [14] , ensuring that extracellular [Cl À ] is much greater than intracellularly ($120 mM and 5 mM, respectively), meaning that GABA A activation leads to chloride influx and inhibitory membrane hyperpolarisation. In the fetal brain, however, the activity of NKCC1 is greater than that of KCC2, leading to an opposite Cl À gradient over the plasma membrane, such that GABA A receptor activation is excitatory. The regulation and functional role of this GABA switch during neuronal development is poorly understood.
Using targeted fluorescent indicators for Mg 2+ , Yamanaka et al. [13] showed that GABA stimulation elicits a sustained release of Mg 2+ from the mitochondria. Selective activation of inotropic GABA A receptors, but not GABA B , recapitulated the effects of GABA stimulation on [Mg 2+ ] cyto , suggesting that these channel activities directly stimulate Mg 2+ mobilization. GABA activates many neuronal signalling pathways, including mTOR, which binds and activates cAMP response element binding protein (CREB) to initiate transcriptional programs for dendritic growth in developing neurons [15] . Consistent with this, using a set of fluorescence resonance energy transfer (FRET)-based reporters [16] [17] [18] , the authors found that increasing [Mg 2+ ] cyto was sufficient to increase the activity of mTOR and CREB, but not that of extracellular signal-regulated kinase (ERK) -another kinase activated by GABA A signalling but with a stronger affinity for Mg,ATP (K M $50 mM) [19] .
Interestingly, the average amplitude of Mg 2+ release upon GABA stimulation decreased with age in culture, suggesting that Mg 2+ signalling may become insensitive to GABA in mature neurons. The authors speculated that this shift in behaviour might stem from maturationdependent changes in cellular [Cl À ], and indeed, inhibition of chloride transporter NKCC1 abolished mitochondrial Mg 2+ release elicited by GABA. To further explore the functional consequences of Mg 2+ -dependent GABA signalling on neuronal development, the authors performed functional studies that measured neurite morphology, release of synaptic vesicles and calcium signalling. GABA stimulation did not affect neurite length but increased neurite thickness, synaptic function and network connectivity in a Mg 2+ -dependent fashion. From their observations, the authors propose a model whereby GABA A activation stimulates Mg 2+ -dependent signals that support structural and functional neuronal maturation.
Overall this new work indicates strongly that extracellular GABA stimulation elicits rapid increases in [Mg 2+ ] cyto , which are necessary for the downstream consequences of GABA A activation to occur. Several aspects of this link remain unclear, however; for example, the pathway facilitating mitochondrial Mg 2+ release and mode of signal termination still need to be characterised. Since Simplified summary depicting known pathways for Mg 2+ influx to/efflux from the cytosol, as well as the putative Mg 2+ sensor/effector mTOR. Some extracellular ligands elicit transient increases in free cytosolic Mg 2+ , which can increase Mg,ATP availability and stimulate Mg 2+ -sensitive enzymes. The specific mechanisms that facilitate Mg 2+ mobilization in response to extracellular ligand binding remain poorly characterised, indicated by '?'. While greater than 500 cellular enzymes require Mg 2+ for activity, at present only for mTOR is there strong evidence that physiologically relevant changes in Mg 2+ can elicit changes in activity, leading to increased global rates of protein synthesis for example. GABA A stimulation is also associated with partial mitochondria depolarization as well as a transient increase in cytosolic Ca 2+ , it is plausible that Mg 2+ efflux from the mitochondrial matrix may occur through GABA-dependent opening of the permeability transition pore. Also, because Ca 2+ competes with Mg 2+ for binding at many intracellular sites, but supports ATP hydrolysis less efficiently, the potential for antagonistic crosstalk between the two messenger systems should be investigated. Finally, in the light of recent observations that extracellular Mg 2+ levels change in the adult brain between sleep and wake [20] , whether Mg 2+ has messenger functions in mature neurons should be explored. Coupled with our own observations that intracellular Mg 2+ levels are under circadian regulation [8] , modulating ATP turnover to accommodate daily changes in energetic demand, it is tempting to speculate that, in vivo, daily rhythms of neuronal Mg 2+ signalling allow the brain to anticipate the differing energetic demands of day and night.
In conclusion, the work of Yamanaka et al. complements the current literature and further strengthens the evidence for signal transduction by Mg 2+ through mTOR. In order for Mg 2+ to gain full membership to the cell's exclusive club of second messengers, work is still needed to address the specific molecular mechanisms that allow Mg 2+ influx over the plasma membrane, or its efflux from the mitochondria, in response to different extracellular signals. Only once this is achieved can the spatiotemporal dynamics of Mg 2+ signalling and its broader biological consequences begin to be properly understood.
